The material and optical properties of ZnO thin film samples grown on different buffer layers on sapphire substrates through a two-step temperature variation growth by molecular beam epitaxy were investigated. The thin buffer layer between the ZnO layer and the sapphire substrate decreased the lattice mismatch to achieve higher quality ZnO thin film growth. A GaN buffer layer slightly increased the quality of the ZnO thin film, but the threading dislocations still stretched along the c-axis of the GaN layer. The use of MgO as the buffer layer decreased the surface roughness of the ZnO thin film by 58.8% due to the suppression of surface cracks through strain transfer of the sample. From deep level emission and rocking curve measurements it was found that the threading dislocations play a more important role than oxygen vacancies for high-quality ZnO thin film growth.
Introduction
Recently, ZnO has received considerable attention due to its excellent emission properties in the UV region. ZnO is a direct band-gap material with wurtzite-structure, exhibits a wide band-gap of 3.37 eV, and has a large exciton binding energy of 60 meV at room temperature [1] . Based on these fundamental properties, ZnO has many applications in the short wavelength region such as optically pumped lasers, UV light emitting diodes, detectors, solar cells, and gas sensors [2] [3] [4] [5] [6] . However, the growth of ZnO thin film for such applications still remains problematic. So far, various methods have been employed to grow high quality ZnO thin films, for example, sputtering, pulsed laser deposition, metal organic chemical vapor deposition (MOCVD), and molecular beam epitaxy (MBE) [7] [8] [9] [10] . MBE is a promising technique for the growth of high quality ZnO thin films due to its operation in ultra-high-vacuum conditions (> 10 −9 torr), using ultra pure substrates (6 N), and Angstrom-scale-thickness control. ZnO films are grown on different substrates including cAl 2 O 3 , ZnO, GaN, and ScAlMgO 4 . Among these substrates, c-Al 2 O 3 is the most frequently used because of its low price, ease of producing large wafers, and ready availability for growing epitaxial films [11] . When ZnO films are grown on c-Al 2 O 3 substrates without a buffer layer, however, the ZnO films generally show poor crystalline quality with a high dislocation density because of the 18% lattice mismatch between ZnO and c-Al 2 O 3 . Furthermore, a large difference in the thermal expansion coefficients between ZnO and cAl 2 O 3 (α ZnO = 6.51 × 10 −6 K −1 and α sapphire = 8.00 × 10 −6 K −1 ) will generate strain under the high temperature growth conditions. Chen et al. demonstrated a two-step growth method that carries out the initial growth at a lower temperature followed by a growth step at high temperature. Through this method a densely packed ZnO film with larger grains and well-aligned crystallographic orientation can be obtained [12] .
In addition, the improvement in growth quality by using a buffer layer to decrease the lattice mismatch between ZnO and c-Al 2 O 3 is a well-known method. These thin buffer layers for growing ZnO are GaN, MgO, ZnS, or SiC [13] [14] [15] [16] . GaN and MgO are the most popular buffer layers for ZnO grown on sapphire substrate. With the GaN buffer layer, the similar lattice structure, low lattice mismatch between ZnO and GaN, and similar thermal expansion coefficients (α GaN = 5.59 × 10 −6 K −1 ) provide suitable conditions for ZnO growth [17] . Thus, a GaN buffer layer can solve the cracking problem during the quick growth of ZnO thin films by acting as a homoepitaxy quasi substrate [18] . A ZnO thin film on a GaN buffer layer on a c-sapphire substrate does, however, suffer compressive stress.
When using MgO as a buffer layer there are two approaches to solving the issues of high quality ZnO growth. For high temperature growths (750-850
• C), the interaction between MgO A maximum mismatch of about 9.2% remains at the ZnO/MgO interface while the lattice mismatch between the MgO grains and the spinel layer is about 5.6%. Experiments reveal that the density of threading dislocation decreases by a factor of five when using MgO as the buffer layer [19] .
For ZnO growth at low temperature (∼600 • C), the reaction between MgO and Al 2 O 3 cannot occur, but the MgO buffer layer still decreases the lattice mismatch during the ZnO growth. For thin MgO layers, the ZnO grown on the MgO layer is a layer-by-layer epitaxy and the threading dislocations cannot stretch along the c-axis of the ZnO. In such a condition, the threading dislocations of the ZnO cluster occur only within 20 nm of the ZnO/MgO interface, which can improve the crystallization quality of the ZnO growth [20, 21] .
In this paper, the growth of ZnO thin films on c-plane sapphire substrates by a two-step temperature variation was demonstrated using different MBE-deposited buffer layers. Temperature-dependent photoluminescence results showed the optical features of ZnO thin film samples with and without buffer layers. The crystallization quality and strain distribution of ZnO structures were analyzed through X-ray diffraction (XRD) and X-ray rocking curve (XRC) measurements. The surface morphologies of the ZnO thin films were studied by atomic force microscopy (AFM) and scanning electron microscopy (SEM). The ZnO thin film with a 7 nm thick MgO buffer layer, 18 nm thick low-temperature-grown ZnO layer, and 100 nm thick high-temperature-grown ZnO layer showed the best crystallization properties in this study.
Growth Conditions and Structures of the Growth Samples
The ZnO thin films were grown on commercial (0001) cAl 2 O 3 substrates by MBE. For Sample A, ZnO was grown with a thickness of 6 nm at low temperature (LT) on the c-Al 2 O 3 substrate with no buffer layer. In this step, the growth temperature, beam equivalent pressure, and O 2 flow rate were 500 • C, 5 × 10 −7 torr, and 3 sccm, respectively. Then ZnO was grown with a thickness of 600 nm at high temperature (HT) on the LT-ZnO layer. In this step, the growth temperature, beam equivalent pressure, and O 2 flow rate were 600
• C, 6 × 10 −7 torr, and 4 sccm, respectively. Sample B is a ZnO thin film on a GaN buffer layer. The GaN buffer layer was grown on a c-Al 2 O 3 substrate at 1,000
• C with a thickness of 2 μm by MOCVD. Then the LT-ZnO was grown with a thickness of 10 nm on the GaN buffer layer. In this step, the growth temperature, beam equivalent pressure, and O 2 flow rate were 300
• C, 5 × 10 −7 torr, and 3 sccm, respectively. Finally, HT-ZnO was grown with a thickness of 250 nm on the LT-ZnO layer. In this step, the growth temperature, beam equivalent pressure, and O 2 flow rate were 600
• C, 5 × 10 −7 torr, and 2 sccm, respectively. Samples C, D, and E were ZnO thin films on 7 nm thick MgO buffer layers, which were grown on c-Al 2 O 3 substrates. In this step, the growth temperature, beam equivalent pressure, and O 2 flow rate were 550
• C, 2 × 10 −7 torr, and 3 sccm, respectively. For these samples, the growth conditions of the LT-ZnO layers were the same as for Sample B. But sample D had an 18 nm-thick LT-ZnO layer. For the HT-ZnO layers, these three samples had the same growth temperature of 600
• C as for Sample B. In this step, the growth thickness, beam equivalent pressure, and O 2 flow rate of Samples C, D, and E were 400 nm, 7.5 × 10 −7 torr, and 3.5 sccm; 100 nm, 5.0 × 10 −7 torr, and 2.5 sccm; 100 nm, 5.0×10 −7 torr, and 1.4 sccm, respectively. Figure 1 summarizes the layer structures of the samples.
Samples A, B, C, and D were grown in an O 2 -rich condition. Sample E was grown in the stoichiometric condition (Zn : O 2 = 1 : 1), which results in more oxygen vacancies. After the HT-ZnO layers' growth, all of the samples were annealed at 700
• C for 10 minutes to improve crystallization. Table 1 shows the growth parameters of the samples. Figure 2 shows the XRD spectra of the samples with only (002) ZnO peak. Figure 3 shows the normalized XRC results of the samples. In this figure, the largest full width at half maximum (FWHM) of 791.74 arcsec was measured in Sample A, which indicated that a high density of threading dislocations existed due to a larger lattice mismatch between ZnO and c-Al 2 O 3 . The FWHM of Sample B was 242.58 arcsec, a 69.40% decrease from sample A. This decrease came from the small lattice mismatch of 1.80% between ZnO and GaN, which resulted in a decrease of the dislocation density in the ZnO layer. However, many threading dislocations still existed in the GaN buffer layer due to the larger lattice mismatch of 16% between GaN and the c-Al 2 O 3 substrate. In this study, the GaN buffer layer in Sample B was thicker than MgO buffer layers in Samples C, D, and E to minimize the influence of lattice mismatch between GaN and c-Al 2 O 3 for high quality ZnO thin film growth [13] . Thus, the GaN buffer layer showed some limitations for high quality ZnO thin film growth. The FWHM of Samples C, D, and E are 64. 18 the MgO buffer can effectively suppress the stretching of threading dislocations to the c-axis of the ZnO layer. The highest degree of crystallinity was achieved for ZnO thin films grown on 7 nm thick MgO buffer layers, which is a fivefold improvement over the 2 μm thick GaN buffer layer. Table 2 shows the material parameters of ZnO thin film samples obtained from XRD measurement. The grain size of each sample was calculated using the Sherrer equation [22] [23] [24] [25] : D = 0.94λ/β cos θ. Here D, λ, β, and θ are the grain size, beam wavelength (0.15405 nm), FWHM, and diffraction angle of the XRD measurement, respectively. In Table 2 , the lattice parameters a and c were calculated through the Bragg Diffraction equation (2d sin θ = nλ) and the lattice equation of the wurtzite structure (1) [22] :
XRD and XRCs Measurements
Here d hkl is the interplanar distance and h, k, l are the Miller Indices. The biaxial stress was calculated by comparing the c-lattice constant to the strain-free lattice parameter (c 0 = 0.5205 nm) measured from a ZnO powder sample: σ From these calculations the ZnO layer in Sample A suffered tensile stress of 3.306 GPa and 299.624 microstrain. The high tensile stress caused cracking during the ZnO thin film growth. In Sample B, the ZnO layer suffered compressive stress of −1.171 GPa and 90.809 microstrain. The change from tensile stress to compressive stress using GaN as a buffer layer can solve the problem of the film cracking.
Using MgO as a buffer layer (Samples C, D, and E) resulted in an increased strain release in the ZnO thin film growth. In sample D, the minimum compressive stress (−0.120 GPa) and strain (18.261 microstrain) were observed and were found to be close to the stress-free condition. These results imply that threading dislocations were effectively confined in the ZnO/MgO interface due to the cubic structure of MgO during the ZnO thin film growth [20, 21] . Sample D exhibited the highest crystalline quality ZnO thin film in this study.
Deep Level and Edge Band Emission
The PL spectra of the ZnO thin film samples at room temperature (Figure 4(a) ) show strong edge band emissions (EBE) with very weak deep level emissions (DLE), which confirms their good crystalline and optical quality. The bandedge emission peaks of the samples are located at 3.312 eV, 3.305 eV, 3.304 eV, 3.298 eV, and 3.317 eV, for Samples A, B, C, D, and E, respectively, while the broad DLE peaks are at about 2.25 eV. The DLE results reveal the presence of defects and oxygen vacancies in the ZnO thin films [25] . In order to compare the optical quality of these samples, the integrated intensity ratio of the EBE to the DLE as a function of temperature for each of the samples is shown in Figure 4 (b). The integrated intensity of EBE and DLE ranges from 2.918 eV to 3.758 eV and 1.771 eV to 2.756 eV, respectively, corresponding to the shaded areas in Figure 4(a) . The EBE/DLE values decrease rapidly with increasing temperature up to some specific temperature for each of the samples. These specific temperatures are approximately 45 K, 45 K, 75 K, 90 K, and 75 K for Samples A, B, C, D, and E, respectively. Above these specific temperatures, no rapid decrease in EBE/DLE values is observed. The specific temperature represents the critical temperature below which radiative recombination dominates and above which nonradiative recombination dominates. For Sample A the low EBE/DLE values in all temperature ranges represent a higher density of threading dislocations, more stress, and higher defect density in the ZnO thin film, corresponding to the lower optical quality of the sample. The EBE/DLE values increase significantly in the samples with GaN or MgO buffer layers. These results confirm the improvement of ZnO thin film crystallinity from using GaN and MgO buffer layers. When comparing Sample E to Samples C and D, the apparently lower optical quality of Sample E originates from the stoichiometric growth condition (Zn : O 2 = 1 : 1). This growth condition induces more oxygen vacancies in the ZnO layer leading to a higher DLE intensity. This order of DLE intensity for the samples is the same for the entire temperature range.
In order to check the consistency between the optical measurements and structural measurements, the integrated intensity ratio of the EBE to the DLE and the inverse FWHM of the XRC of each samples are shown in Figure 5 . The maximum EBE/DLE means the EBE/DLE value of sample at 10 K. Higher EBE/DLE ratios and higher values for FWHM 
SEM and AFM Images
Figures 6(a) and 6(b) show SEM and AFM images of Samples A and D. In the SEM image of Sample A (Figure 6(a) ), surface pits can be seen. The rougher surface of Sample A compared to Sample D originates from the larger lattice mismatch in the ZnO/sapphire interface. The large tensile stress in Sample A is induced by this increased lattice mismatch. AFM measurement reveals a larger root mean square (RMS) roughness of about 6.982 nm without a buffer layer. For the MgO buffer layer in sample D, the RMS roughness is about 2.875 nm. The decrease in RMS roughness by 58.8% is attributed to the change from tensile stress to compressive stress when using the MgO buffer layer compared to no buffer layer. These results indicate that the growth of ZnO thin films on buffer layers, especially MgO, results in better crystallinity of samples, thus improved optical characteristics.
In summary, by including a buffer layer in the growth of ZnO thin films, the lattice mismatch of the film surface to the sapphire substrate surface was decreased significantly. Including a GaN buffer layer in Sample B resulted in higher optical and structural quality than Sample A. The comparison between ZnO growth on the GaN and the MgO buffer layers shows that dislocations stretching along the c-axis could not be suppressed effectively by a thick GaN buffer layer. Samples C, D, and E were of higher quality than sample B.
For the MgO buffer layer growth, the stoichiometric growth condition induced more oxygen vacancies in the ZnO layer, resulting in lower crystal quality in Sample E compared to Samples C and D. In the two-step temperature variation growth, the optimal LT-ZnO thickness was about 40 nm for Sample D [11] , which showed the highest crystallinity in this study. Thus, the LT-ZnO has an important effect in changing the crystal quality of the following HT-ZnO. The LT-ZnO with optimal thickness could cause relatively disordered HT-ZnO growth on the MgO buffer layer resulting in a three-dimensional island morphology, resulting in different defect configurations in the HT-ZnO layer [11] . From the description above, one can see that the order of ZnO thin film crystallinity, from best to worst, is D, C, E, B, and A.
Conclusion
In conclusion, the influence of the GaN and MgO buffer layers on the structural, electrical, and optical properties 6 Journal of Nanomaterials of ZnO thin films grown on sapphire substrates by MBE was investigated. The XRD and XRCs investigations revealed that the buffer layer had diminished the strain and changed the stress from tensile to compressive, leading to threading dislocation elimination. The PL revealed a strong edge band emission with a weak deep level emission, suggesting the good crystalline quality of the ZnO thin films on the MgO buffer layer. The increase in the integrated intensity ratio of the EBE to the DLE and the inverse FWHM of XRC with GaN and MgO as buffer layers demonstrated the enhancement of the structural and optical qualities of the ZnO thin films.
